Water scarcity is occurring worldwide due to factors including climate change, population increases, and economic activity. The situation is most severe in arid areas. Based on a water supply stress index and virtual water for production, a fuzzy linear programming model is used to provide a set of solutions that contain a range of possible values rather than a specific optimal solution. The model is used to investigate cropping patterns that can obtain acceptable stress levels on local water resources for both current and future climate scenarios. Results in Gansu Province indicate that existing cropping patterns are causing extreme stress on local water resources, especially in eastern Gansu, and the stress will continue in the future if cropping patterns are not adjusted. The optimization model indicates that a considerable amount of water used is not necessarily needed, and deficits of virtual water demands can be covered by virtual water transfers. Optimal cropping patterns show that in the current scenario, total cropping areas in eastern Gansu should be reduced by up to 55% to attain acceptable water stress, and 24.2 and 22.5% for western Gansu and mid Gansu, respectively. The enormous cropping reduction in certain crops and the relatively larger decreases of cropping areas in the eastern region are indicated as a direction, to improve the balance between irrigation and municipal water needs. Virtual water transfer analysis shows that mid Gansu can be a major export region, while eastern Gansu will require large amounts of virtual water imports.
Introduction
Increases in population, urbanization, and economic activities as well as climate change have led to increasing pressures on freshwater resources (Dalin et al., 2012) . Water scarcity influences food security, human health and natural ecosystems, effects which are particularly severe in arid regions (Seckler et al., 1999) . In response, the concept of virtual water is valuable, involving reducing water stress in a region by importing more food, especially food which requires significant water, instead of producing these foods (Allan, 1998) . Since irrigation water represents a major use of freshwater, it is preferable in arid regions that crops using more water be imported and crops using less water can be exported, for purposes of saving water (Hoekstra & Hung, 2005) .
Virtual water for a crop is the amount of water used to produce the crop and "embedded" in the crop. With transfer of the crop from one place to another, the embedded water is transferred in a virtual sense. Virtual water has been applied as a water-saving strategy in many areas around the world. For example, both Morocco and the Netherlands depend more on external water resources -14 and 95% from outside of the two countries, respectively; and an amount of 640 million m 3 of water is saved per year for Morocco since the products are imported instead of being produced . Another study assessing worldwide consumption of cotton production indicates that approximately 2.6% of the global water footprint is for the production of cotton products, and thus represents a large impact on water resources in nations such as China, USA, Mexico, and Germany . From the analysis of water economic productivity for the Mancha Occidental Region in Spain, it is noted that crops with high virtual water and low economic value are major crops in the region, and the region relies mostly on its domestic water resources, although import of virtual water would be beneficial to local water bodies (Aldaya et al., 2010) . The findings of the water footprint analysis are indications of the current water policy, by www.ccsenet.org/apr Applied Physics Research Vol. 6, No. 5; indicating that water can be allocated and used more effectively.
Minimum water stress can be obtained through optimization of the cropping structure and virtual water transfers. One of the most effective techniques for optimization is linear programming (LP), which consists of a linear objective function and linear equality and/or inequality constraints. LP will return a crisp solution, meaning a number that is typically a single value. According to Klir et al. (1997) , practical problems commonly contain uncertainties resulting from a variety of factors such as vagueness, which a crisp number is not able to capture. Compared with crisp numbers, a fuzzy number is a set of possible values that have different degrees between 0 and 1 showing the closeness of the value in the fuzzy set to the given crisp number, and hence reflects the sensitivities which exist in real problems. In other words, parameters in LP models are generally best estimates, regardless of the dynamic natural environments which, on the other hand, can be best handled by fuzzy numbers.
LP models require precise data which would add difficulties in the process of data collection. Additionally, the solution of an LP model commonly relies only on a limited number of constraints thus leading to a waste of information (Rommelfanger, 1996) . However, in real world situations, parameters in objective functions and constraints are often not entirely precise and contain vague information (Tanaka & Asai, 1984; Inuiguchi & Ramk, 2000; Maleki et al., 2000) . In this case, fuzzy linear programming (FLP) provides a more reasonable and appropriate solution. In FLP models, parameters of objective functions and constraints are fuzzy numbers which contain a set of possible values of each parameter. These fuzzy numbers can avoid the crisp situation of "Yes" and "No", thus making the linear programming model less crude (Zimmermann, 1978; Herrera & Verdegay, 1995) . As well, satisfaction criteria such as "approximately" and "nearly" are more desirable than the precisely defined criteria such as "exactly" and "absolutely" for a realistic optimization problem (Tanaka & Asai, 1984) .
FLP is now widely applied to decision problems. Sahoo et al. (2006) developed a fuzzy optimization model for managing and allocating land and water resources system in Mahanadi-Kathajodi Delta in eastern India with three objectives -maximization of production, maximization of net annual return, and minimization of labour cost for the study area. Compared with models such as maximizing production and maximizing net return, a multi-objective fuzzy optimization model can provide the optimal solution when all three objectives are at the same priority level (Sahoo et al., 2006) . In the research of Biswas and Pal (2005) , production of seasonal crops is optimized using a priority-based fuzzy goal programming model. Biswas and Pal indicate that a better cropping plan is developed through use of fuzzy goal programming.
Being one of the driest province in China, Gansu Province is facing the issue of water stress due to reasons such as climate change and inappropriate water use. It is useful to investigate strategies to reduce water stress. The impacts of cropping patterns on local water resources involve uncertainties due to factors such as climate conditions, locations and crop types. In such a case, parameters in the optimization model for cropping patterns should be fuzzy numbers instead of fixed numbers. Considering the merits of FLP indicated above, and that FLP for cropping patterns related to water stress have not been utilized for Gansu Province, the optimization of cropping patterns can be modified from "minimum water stress" to "acceptable water stress".
The objectives of this paper were to: (1) develop an FLP model for cropping patterns to achieve the goal of attaining acceptable stress on local water resources using virtual water constraints under two scenarios -current and future climate scenarios; and (2) given the attainment of acceptable water stress, use the optimized cropping patterns to determine virtual water transfers for the major crops.
Methods

Study Areas and Required Data
Gansu Province is one of the most arid regions in China and has high stress on water resources. Three regions from the west to the east portions of Gansu Province were selected as study areas (see Figure 1 ). The West region is the most arid region, the Mid region has a moderate arid climate, while the East region is relatively humid. Typical stations representing the three regions were used based on the quality of required data (see Table 1 ). Major crops in the three areas are: wheat, corn, cotton, potatoes, and soy. Agricultural data including annual cropping areas and crop yield of major crops, as well as population data were obtained from Gansu Yearbooks on China Data Online (CDO, 2013), water resources data from Gansu Water Resources Bulletin, irrigation water demands of current and future scenarios as calculated in using data from National Climatic Data Centre (NCDC, 2013) , and virtual water contents (VWC) generated in the study of .
Fuzzy Linear Programming Model for Cropping Patterns
The Water Supply Stress Index (WaSSI), representing water supply stress from environmental and anthropogenic sectors as proposed by McNulty et al. (2010) , characterizes the scarcity of water resources caused by the growing of the major crops. When WaSSI is 0.2, there is a stress; and when WaSSI increases to 0.4, the stress becomes scarcity (Brown & Matlock, 2011) . WaSSI for the selected areas is expressed in Equation 1 as:
Where:
WaS S I j = water supply stress index in region j; WD i j = irrigation water demand of crop i in region j(m 3 ); and WS j = total water supply volume to the crop field in region j (m 3 ).
To obtain acceptable stress on local water resources while ensuring the basic crop needs are met, the FLP model was developed that maximizes crop yields of the five crops, subject to constraints including acceptable WaSSI and appropriate cropping areas based on blue virtual water for producing each crop (See Equation 2.2). Blue virtual water refers to the amount of irrigation water including both surface and ground water, used for crop growth. Two climate scenarios were analyzed - (1) 
α j = ratio of effective irrigation area and cropping area (%) in region j, specifically,
VW p i j = blue virtual water for producing crop i in region j(m 3 ) before optimization;
VWn i j = blue virtual water needs for crop i in region j(m 3 ), which is determined from:
POP j = population in region j (10 4 ); p i j = need for crop i per person in region j (kg/person); and
i = crop type: wheat, corn, cotton, potatoes, soy; and j = region of the Province: West, Mid, and East. Table 2 describes the criterion of whether the constraint of d i j A i j should be greater or less than the blue virtual water for producing crop i in region j before optimization. Table 2 is primarily based on the suggestions for cropping patterns from , combined with existing cropping structures and crop needs by local people. For example, as suggested by , cropping of potatoes should be increased due to the low virtual water content and high economic value for the virtual water used. However, in fact, the production of potato is exceeding local demands; this indicates reduction in potato cropping is desirable instead of increased cropping. Based on Table 2 , if crop i is to be decreased, the blue virtual water used for production of crops should be less than the current use of blue virtual water amount (VW p i j before optimization), otherwise, more blue virtual water is expected to be applied for production, in comparison with existing VW p i j . Vol. 6, No. 5; is positive and m -α > 0 (Fan et al., 2009; Dehghan et al., 2006) . The membership function of M is described in Equation 3 , and M is a LR triangular fuzzy number if L(x) and R(x) are linear functions (Fan et al., 2009) . For the future scenarios of A1B, B1, and A2, d was from the General Circulation Models (GCM models) predictions described in . Parameters such as population, yield per cropping area, and cropping area before optimization were estimated using the moving average method. Since water supply delivered to the fields is very near the limit of the supply capacity of total water resources (as high as 95%), delivery capacities were assumed to be unchanged for the future scenario. The crop that a person comsumes is another parameter which was assumed as not changing.
The solving of the FLP followed the approach of converting the FLP model to a crisp linear model, as indicated by Fan et al. (2009) with the assistance of LINGO R ⃝ .
Water savings and virtual water transfers
Optimization for cropping patterns for the three regions within Gansu Province will generate estimates of the potential saving in local water resources (Equation 4). Additionally, the difference (D i j )of virtual water for production after optimization (VW p opt−i j ) and virtual water needs (VWn i j ) can be transferred amongst the regions (Equation 5). If D i j is positive, the extra amount of virtual water for crop i can be exported to other regions; otherwise, if D i j is negative, imports of virtual water for crop i are required from outside of a region j.
S j = blue virtual water saving in region j; VW p i j = blue virtual water for production of crop i in region j before optimization(m 3 ); and VW p opt−i j = blue virtual water for production of crop i in region j after optimization(m 3 ). Table 3 and Figures 2 (a) through (e) are the optimization results for the existing cropping areas of the five crops in the three regions. Existing WaSSI for the West, Mid, and East regions are 0.29, 0.28, and 0.49, respectively. The results show that total cropping areas in all three regions should be reduced to obtain acceptable WaSSI magnitudes of 0.22. Specifically, the West and Mid region need to reduce the total cropping areas by 24.2 and 22.5%, respectively; and the East region by 55.4%. Further, the East region will also have a relatively higher reduction in every crop except for potatoes, compared with the West and Mid regions. Major reductions of cropping areas in the East region involve decreases in soy (approximately 90%), followed by wheat (approximately 45%). Potatoes and soy in the West region, as well as wheat and soy in the Mid region will need to be decreased as well (see Table  3 ). In the future scenario, the predicted WaSSI for the West region will remain at the same level as existing. There is going to be a slight increase of WaSSI from 0.28 to 0.33 in the Mid region, due to climate change. WaSSI in the East region will decrease from 0.49 to 0.37. Results in Table 4 show that optimization for cropping patterns is still necessary in the future as a result of climate change, with reduction of 27.7, 33.0, and 40.3% in total cropping areas for the West, Mid, and East regions, respectively. Individual crops which need major reductions in the current scenario will still need major reductions in the future.
Results
Fuzzy linear optimization for cropping patterns
Changes in optimized cropping areas from the current scenario to the future scenario for each crop tend to be larger for the Mid and East regions shown in Figures 2 (a) through (e), especially for corn, potatoes, and soy (see Figure  2 (b), (d), and (e)). Commonly, the changes in lower and upper bounds have the same trends as the mean values change from the current scenario to the future scenario (e.g. wheat and potatoes in the West region). However, for some crops such as the crops in the East region, lower bounds of optimized cropping areas are zeroes; and for some crops such as wheat in the East region and corn in the Mid region (see Figure 2 (a) and (b)), the trends are particularly steep. Tables 5 and 6 show savings of virtual water (S) if cropping patterns are optimized. For both current and future scenarios, there will be significant savings in water use for all three regions. The highest savings of water use are for the East region. From Table 5 , if the East region changes the cropping patterns, the total water used would be www.ccsenet.org/apr Applied Physics Research Vol. 6, No. 5; decreased by 5495 × 10 5 m 3 (55.4%) from existing cropping patterns; the major savings are from decreased soy cropping -i.e. 75.9%. The savings are apparent for other crops in the East region as well. For example, savings from decreased cropping in cotton and corn will be approximately 70%, and will be approximately 54% for wheat cropping. There will be 2098 × 10 5 and 3063 × 10 5 m 3 of water saved for the West and Mid regions, respectively. Among the changes, soy and potatoes in the West region are relatively larger, accounting for 97.3 and 82.3% respectively, followed by soy and wheat in the Mid region (81.6 and 77.8%). Cropping for corn in the Mid region, on the other hand, will involve a large increase in water used (4755×10 5 m 3 ), adopting the optimized cropping patterns. From Table 6 , in the future climate change scenario, the savings in water use will be larger for the West and Mid regions (34.5 and 33.0%). The major contributions will be the decreased cropping of potatoes and soy. On the contrary, savings will be smaller for the East region (40.3%) compared with the current scenario, and major contributions will be from reduced cropping in soy (90.1%) and wheat (45.3%). Table 7 is the result for virtual water transfers in the current scenario if optimization solutions are adopted. It is noted that the East region will require major virtual water imports (3225 × 10 5 m 3 ), of which wheat and cotton take the larger reductions. On the contrary, the Mid region is a major virtual water export area -an amount of 8209 × 10 5 virtual water can be exported in total. Additionally, there will still be an extra, remaining virtual water, of 7808 × 10 5 m 3 consisting of virtual water for corn, potatoes, and soy that can be transferred to other areas outside Gansu in addition to exporting to the West and the East regions of Gansu. The majority of virtual water gaps can be filled through virtual water transfers amongst the three regions. However, there will still exist an import requirement of 107 × 10 5 m 3 of virtual water import for wheat in the West region, and 1483 × 10 5 m 3 (186 × 10 5 m 3 of virtual water for wheat and 1297 × 10 5 m 3 of virtual water for cotton) in the East region, which can be transferred from outside the Province.
Savings in blue water
Virtual water transfers
In the future scenario, the import demands are lower for the West and Mid regions, while there will be an increase for the East region (4240 × 10 5 m 3 ). However, the capability of virtual water export will also decrease in the future. In other words, through virtual water transfers, the level of virtual water that still needs to be imported is higher for each region, and the extra remaining level of virtual water that can be exported to outside the Province is lower, in comparison with the current scenario. 
Discussion
From the analysis of optimization for cropping patterns through virtual water aspects, the results indicate that current cropping patterns are causing stress on the local water resources, and the objective of saving water and reducing the water stress to an acceptable level can be achieved by adjusting the cropping patterns and introducing virtual water transfers.
The selected five crops are basic crops that are necessarily needed to be grown in the three regions. However, existing cropping patterns are mainly based on market value and market demands, rather than environmental concerns. There are many studies showing that water is becoming scarce due to overexploitation of water resources (e.g. Jiang (2009) and Kang et al. (2008) ), and strategies need to be considered such as applying water-saving irrigation techniques and deficit irrigation, desalination, and water reuse policies (e.g. Belder et al., 2004) , Fereres & Soriano, 2007, and Toze, 2006) . Although introducing virtual water to respond to water scarcity, and analyses of water footprint are also mentioned as one of the strategies (e.g. Zheng et al., 2012) , there is limited knowledge on how cropping patterns are influencing the allocation of water resources. Through optimizing cropping patterns and transferring virtual water, in fact, a considerable amount of local water does not need to be used, making it available for other uses such as municipal supply.
Before optimization, the East region has the highest WaSSI (0.49) although the climate is the least arid amongst the three regions. It is possible for humid areas to have water scarcity, since major water resources can be used for agriculture, industry, and domestic purposes (Molden, 2007; Brown & Matlock, 2011) . WaSSI for the West and the Mid regions are moderate (0.29 and 0.28). WaSSI is predicted to remain at the same level for the West region and to slightly increase to 0.33 for the Mid region. WaSSI for the East region will decrease to 0.37 in the future, due to the decreasing cropping areas in the future based on the moving average estimates. However, larger reductions in cropping areas still need to be obtained to attain acceptable water stress.
It is noticeable that relatively large reductions in total cropping acreages are required in the East region (55.4% for the current scenario and 40.3% for the future scenario) and for some crops such as soy and potatoes in the West region (approximately 97 and 82%), as well as soy and wheat in the Mid region (approximately 81 and 78%), which seems not to be a feasible solution. The East region has the advantage of a relatively humid climate, and is the major crop contributing area of Gansu Province. However, the crop yield per unit area for crops such as wheat in the East region is only one-third of that in the West region. The West region has more sunshine hours and larger differences in daily temperature, which are helpful for crop growth. Therefore, the volume of water used to produce one kilogram of crop (e.g. wheat) in the East is larger than the volume used in the West region. In this case, inadequate water supply and inappropriate water management lead to excessive WaSSI in the East region. Alternatives include changing the irrigation water supply volumes, and reduce WaSSI to a lesser degree. However, if water supply volumes are increased for irrigation use, there will be shortages for municipal water use; if existing cropping patterns are not changed, there will be failures to meet the expected crop yields, or there would be risks of no irrigation water that can be applied. Large decreases for individual crops result for two reasons -(i) the crop is produced at levels more than local demands (e.g. potatoes and soy in the West region); and (ii) the crop has low economic value for the water used, thus imports of virtual water instead of producing locally are recommended, www.ccsenet.org/apr Applied Physics Research Vol. 6, No. 5; (e.g. wheat and soy in the East region). Although the idea is to lower local cropping by virtual water imports, in order to avoid the huge sudden changes and to create a balance between irrigation water use and municipal water use, it is suggested that the large reduction can be a direction over time. For example, a solution between the mean values and the upper limit values of the FLP solution sets would make more sense than the solution which would change circumstances too rapidly.
Research has been showing that climate change will have impacts on irrigation water needs and water resources in the future (e.g. Zhang & McBean,2014; Daz et al., 2007; Arnell, 2004; Christensen et al., 2004) . The impacts of increasing volumes of blue virtual water for production are evident in relation to future scenarios, ranging from 3.0% to 60% regarding crop types and regions, and decreases are displayed for several crops as well -e.g. wheat and cotton in the East region. This is consistent with similar studies on impacts of climate change on crop water requirements and irrigation water needs (e.g. Wang et al., 2011; Chung et al., 2011) .
Water use for existing cropping patterns indicates that the water for major crop production mainly depends on local water resources although water supply stress already exists. These modelling results confirm that Gansu Province has high self-sufficiency in water in the current situation. However, the high self-sufficiency reflects high stress on water resources. Wang et al. (2005) note that self-sufficiency for water has reached 99.52% in 2003 under the situation of water scarcity. The water self-sufficiency of Gansu Province decreased to 97.2% in 2007 (Ge et al., 2011) . From this analysis of virtual water transfers, water stress can be reduced and local crop demands can be satisfied by transferring virtual water amongst the three regions. In addition, the remaining virtual water after transfers can be used to produce crops that have a need of virtual water import, or be transported to other areas or to outside the Province for economic benefits.
Conclusion
The fuzzy linear programming models (FLP) provide a range of possible solutions for cropping patterns to achieve the goals of saving water and attaining acceptable water stress. Cropping patterns were optimized using FLP models for three regions in Gansu Province from the West to the East under two climate scenarios -the current scenario and a future scenario. The results indicate that water is most scarce in the East region, since the irrigation water needs have exceeded the water supply in this region as a result of far too much cropping, in combination with municipal water demands. In this case, the East region is facing the risk of failing to meet the expected crop yields and inadequate applicable irrigation water. Although the East region is the least arid region amongst the three regions, water scarcity is likely to appear due to over-committing of water resources. The results show that water stress is occurring in both current and future scenarios if cropping patterns are not adjusted. Furthermore, existing cropping patterns are resulting in high self-sufficiency in water resources, especially for the East region. The results also show that the optimized cropping patterns can save local water resources to a substantial extent -as high as 50% of current use. Additionally, the deficits after the optimization, can be covered by virtual water transfers amongst the three regions, instead of producing the crops locally. There will still be remaining virtual water for some crops in the three regions which can be exported to other areas, or can be used to produce crops that can be managed by virtual water imports. The East region is the major virtual water import region if the optimization for cropping patterns is adopted, while the Mid region is the major virtual water export region. However, transfers of virtual water for crops such as wheat cannot satisfy local demands among the three regions; virtual water will need to be imported from other areas either in the Province or outside the Province. Huge, sudden changes in cropping patterns are not recommended although the idea is to save local water resources for minimized uses through virtual water transfers for crops. The optimization results can be a direction over time rather than a required change to avoid rapid circumstance changes.
